A diverse array of T cells is required for defense against pathogens. The naive CD4 T-cell repertoire reaches its peak diversity by early human adulthood and is maintained until older age. Surprisingly, around age 70, this diversity appears to plummet abruptly. A similar qualitative pattern holds for the CD4 T memory-cell population. We used mathematical models to explore different hypotheses for how such a loss of diversity might occur. The prevailing hypotheses suggest that the loss of diversity is due to a decline in emigration of cells from the thymus or a contraction in total number of cells. Our models reject these mechanisms because they yield only a gradual and minimal decline in the repertoire instead of the observed sudden and profound decrease later in life. We propose that an abrupt decline in the repertoire could be caused by the accumulation of mutations (defined here as any cell-intrinsic heritable event) that provide a short-term fitness advantage to a small number of T-cell clones (e.g., by an increased division rate or decreased death rate), with the person as a whole incurring the long-term cost of a decreased ability to fight infections.
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immunosenescence | modeling T he adaptive immune system depends crucially on the ability to recognize antigens produced by any pathogen. Though individual T cells bind and recognize one or at most a few epitopes via their T-cell receptor (TCR), the entire population of T cells encompasses a diverse repertoire of TCRs that, ideally, allows recognition of the epitopes on essentially any pathogen. The diversity of this repertoire declines over time, as demonstrated by experimental work in aged mice (1) (2) (3) , rhesus macaques (4), and humans (5) . This decline in diversity has implications for susceptibility to disease, yet, as we explore in this paper, the driving forces underlying this decline remain unclear.
The diversity of the repertoire arises from how the TCR is constructed. Each TCR consists of one α-and one β-chain. Each chain is generated through somatic recombination of V, D (only for the β-chain), and J segments during T-cell ontogeny in the thymus. In principle, the total combinatorial diversity from the within-chain recombination, together with the αβ pairing, could amount to 10 15 distinct TCRs (6) . In reality, the number is lower due to limited physical space in the body and preferential recombination and pairing. Early experimental evidence suggested humans have a minimum of 10 6 and possibly as many as 10 7 distinct α-and β-chains, which pair together to form even more distinct αβ TCRs (7) (8) (9) . Recent deep sequencing of the TCR β-chain locus has directly identified 1 million unique sequences; however, the total diversity is likely much higher because this analysis used only a small number of cells and found relatively few shared sequences in two independent samples from the same individual (10) . Though sequencing studies allow direct measurement of the number of distinct α-and β-chains in a population of cells, lack of knowledge of αβ pairing limits our ability to measure repertoire diversity on an absolute scale. In practice, most experimental studies apply measures of the repertoire designed to detect changes in the repertoire on a relative scalesuch as during aging-rather than making absolute estimates of its magnitude. Aging affects the naive and effector/memory (i.e., antigen-exposed) T-cell repertoires differently. The naive population acquires new T-cell lineages only by emigration from the thymus. The effector/memory population acquires new lineages by recruitment from the naive population following exposure to novel antigens throughout life. Further, in the antigen-exposed CD8 Tcell population, oligoclonal T cells steadily accumulate that are specific for latent viruses, such as cytomegalovirus (11-13), although such oligoclonality is infrequent in the corresponding CD4 population in healthy individuals.
A cross-sectional study in humans provided evidence for a surprising nonlinear loss in repertoire diversity with age. Naylor et al. (5) found that the CD4 β-chain repertoire changes little from adulthood until age 65, and then a dramatic loss in diversity occurs after age 65; they observed a similar pattern of loss in older age in both the naive and memory cell compartments (data for naive compartment reproduced in Fig. 1 ). The measurements of diversity in a given person were obtained by sampling 50 β-chains and measuring the frequencies using a limiting dilution assay. Naylor et al. (5) focused exclusively on the β-locus, which, as noted above, provides a lower bound on the overall αβ diversity but should give a robust picture of the relative change in the repertoire with age.
The conventional view is that the loss of diversity arises as a consequence of (i) involution of the thymus and the related decline in the production of new naive T cells (14) (15) (16) (17) ; (ii) stochastic extinction resulting from drift in the number of cells in different lineages during homeostatic turnover (2, 18) or, equivalently, from the perspective of the naive population, conversion of naive cells into memory cells (18) ; and (iii) a decline in the total number of naive T cells with age (18, 19) . Recent work showed elegantly that the thymus, though critical to sustaining the naive T-cell population size in adult mice, plays a minor role in sustaining this population in adult humans (20). However, the relative importance of these factors for maintaining diversity remains unclear, as is whether these factors are even sufficient to produce the observed pattern of loss.
Because diversity is inherently a population-level question, we probe this puzzle using mathematical models that build on ideas from the fields of ecology, population genetics, and population dynamics. These fields have considered the effect on diversity by migration (analogous to item i above), genetic drift (item ii above), changes in population size (item iii above), mutation, and selection. In this paper, we explicitly consider the roles of mutation and selection in addition to the conventional factors (items i-iii).
Before building any models, we review quantitative measures of diversity. Ecologists typically consider two components to diversity: richness, which counts the number of distinct species (TCRs), and evenness, which describes the relative abundances of the different species (TCRs). Though richness can be easily quantified in a single number, evenness is harder to summarize. One composite measure of diversity is Simpson's index (21, 22) , defined as
, where f i is the frequency of the ith species (TCR). D captures both richness and evenness, and ranges from 0 to 1 as diversity increases. We use two measures of diversity: total number of unique TCRs and Simpson's index.
Rather than using complex models that incorporate all known details of immune system dynamics, we use simple models with the goal of discovering fundamental principles that could explain the puzzle generated by the empirical observation (23) . Indeed, given the limitations in our quantitative understanding of the detailed dynamics of T cells and uncertainties in many of the parameters of the models, simpler models frequently provide more robust results than complex models (24, 25) . Furthermore, because experimental measurements of the repertoire are qualitative rather than quantitative, we use the models to describe patterns of change in the repertoire rather than to make precise fits to experimental data.
We focus on modeling the change in diversity of the human naive CD4 T-cell repertoire with age, which influences the individual's ability to generate responses to new pathogens. Previous modeling studies in the area of immunological memory and aging have considered questions relating to the longevity of memory (26) , the repertoire of immune cells (27) (28) (29) , and immunosenescence more broadly (30) (31) (32) . However, these studies did not consider the loss of the immune repertoire during aging.
Results
We use stochastic agent-based models to describe a population of naive CD4 T cells in the periphery. Our model is based on observations for CD4 T cells, but, in principle, similar considerations may apply to CD8 T cells. For each cell, we track its specificity (i.e., TCR identity), age, and division history. This general framework allows us to include factors such as immigration, stochastic turnover, mutation, and selection into the models and to explore how these factors affect the repertoire with aging. Because we are concerned with the decline in the repertoire, we ignore the complexities of early development and simulate trajectories starting with a mature repertoire that might mimic that of a young adult. The details of the initial conditions and model structure are described in Materials and Methods.
Conventional (Neutral) Model. We first explore the conventional view, which suggests that the loss of the repertoire is due to a decline in the immigration of new T cells from the thymus, stochastic drift/conversion to memory, and a gradual decrease in the total number of naive cells. Under this model, cell division or death is, to a first approximation, independent of TCR identity, which makes this model equivalent to a neutral model of evolution with exchangeable alleles. We include the following three processes: (i) new T-cell lineages enter the population by emigrating from the thymus at a rate that can change over time (i.e., age); (ii) homeostatic turnover of cells maintains the population size by balancing a frequency-dependent division rate against the intrinsic cell death rate and loss due to conversion of naive cells into memory cells; and (iii) the carrying capacity (i.e., the total naive population size) declines over time (33) .
Given these three processes, we want to constrain our parameters to fit our understanding of the biology. We begin the simulations with young adults (20 y) at which time the rate of emigration of new TCR lineages from the thymus should roughly balance the rate of lineage loss due to stochastic extinction or conversion to memory. This approach allows us to circumvent complexities in the generation of the repertoire during development and in the very young when both thymic emigration and the total number of immune cells change dramatically (34, 35) . We assume that a combination of intra-and postthymic divisions lead to an initial clone size of s = 500 cells for a new thymic emigrant in an adult individual. Biased recombination at the TCR loci in the thymus means that some TCRs will be more likely to enter the periphery than others (36) (37) (38) (39) . Once cells have emigrated into the periphery, stochastic homeostatic turnover should occur at an average rate of ∼0.001 per cell per day as suggested by labeling studies of naive T cells (40) . The total T-cell population size for a young human adult is ∼3 × 10 11 ; the percentage of this population that is naive decreases with age from ∼50% to ∼30% for CD4 cells (19) . Further, thymic involution, which occurs at a rate of at least 3% per year until age 40, and 1% thereafter (14, 41) , should lead to a corresponding decline in the rate of thymic emigrants. These results are consistent with experiments showing that thymic emigration plays a minor role relative to T-cell turnover for the maintenance of naive T cells (20).
We present a more formal description of the model and parameters in Materials and Methods.
When we simulate under this model (Fig. 2) , we see that the diversity changes only slightly over time. For constant influx (ν½t = τ) and a constant population size (K½t = k 0 ), diversity can be maintained. With no influx (ν½t = 0) and a constant population size, there is a small linear decrease in diversity as lineages become extinct. Under a more realistic scenario of the influx ν decreasing exponentially with age at a rate of 3% per year (ν½t = τe −0:03t ), the diversity changes over time intermediate between the previous two scenarios (14) . Finally, when we let the naive population size (roughly equal to the carrying capacity K½t) decrease linearly (K½t = k 0 ð1 − γtÞ) in combination with an aging thymus, we see a slight additional decrease in diversity, although this effect is not dramatic even for a 95% reduction in population size. Changing the degree of bias in TCR production in the thymus has little effect on the overall pattern of loss with age (Figs. S1 and S2). Similarly, we see little effect if division rates inherently vary between TCR lineages starting from when they leave the thymus (Fig. S3) . In summary, this model in which diversity is lost by the conventional explanations of thymic involution, stochastic extinction, and decreasing population size does not fit the empirical observation that diversity plummets suddenly in older age.
Alternative (Selection) Model. Given that the conventional explanations were insufficient to reproduce the data, we revised our model to test an alternative hypothesis: What would happen if one or a few TCR lineages gained rare selective advantages over time? Such a selective advantage could arise from an increase in the division rate of cells.
Under this hypothesis, we assume that, at the time of emigration from the thymus, all lineages have the same division rate, but that during homeostatic replication, clones can undergo transformations that affect their homeostatic division rate as well as that of their daughter cells. These heritable changes could be either genetic or epigenetic; for simplicity of terminology, we refer to all such changes as mutations. Though we model mutations as affecting the division rate, similar qualitative results would arise if mutations affected the death rate or sensitivity to the carrying capacity.
We assume the simplest possible relationship between mutations and division rate by making all mutations exchangeable and using either a model in which mutations act additively to increase the division rate until a maximum rate is reached (additive model) or a model in which a fixed number of mutations are required before the division rate jumps directly to a maximum rate (jackpot model).
These selection models incorporate all of the components of the previous conventional model, with the addition of allowing mutations with rate μ and tracking the number of accumulated mutations in each cell along with its TCR identity and division history. As with the conventional model, we defer a formal description of these models to Materials and Methods.
In contrast to the previous conventional model, these models with mutation and selection can lead to a steep decrease in diversity, as seen in Fig. 3 . Here we see that the additive model is sufficient to produce a steep decline later in life in the number of unique TCRs; its effect on Simpson's index is less severe, but still profound compared with the conventional model. The jackpot model, however, exhibits a sudden and precipitous decline in both the number of unique TCRs and Simpson's index. Note that the stochastic generation of mutants results in variation in the time of the decline in different simulations. For instance, in the jackpot model, each mutation occurs after an exponential waiting time, so the time to four mutations in a single lineage will be the minimum of N γ-distributed random variables with shape parameter 4 and scale parameter μ, where N is the number of cells in the population. In Fig. 3 , we shade the region covering 90% of simulations as a means of illustrating this variation. Almost identical results hold if we model zero thymic output after age 20 instead of exponentially declining output (Fig. S4) .
As in the conventional model, we use biologically reasonable parameters scaled for the population size of our simulations. In particular, the small simulated population size (∼ 10 5 ) relative to the actual T-cell population (∼ 10 11 ) requires scaling the mutation rate parameter (μ) upward. We address the issue of parameter scaling in more detail in Materials and Methods.
Thymic Rejuvenation. Immunologists have long hoped to slow immune senescence by rejuvenating the thymus by manipulating hormones or cytokines (18, 42, 43) . If the loss in TCR diversity over time was primarily due to stochastic extinction after thymic involution, then thymic rejuvenation would certainly counter this loss. However, if the change in diversity was due to mutation and selection, then an increase (or lack of decrease) in thymic emigration would have little effect, as seen from representative simulations in Fig. 4 . In fact, even rejuvenating the thymus to a level well above the baseline would have relatively little effect, because a clone that had acquired a selective advantage would still dominate over the less-fit new thymic emigrants.
Discussion
The human naive T-cell repertoire appears to decline abruptly and dramatically in older age (5) (Fig. 1) . Our models allow us to reject the conventional view that this loss arises as a result of thymic involution; homeostatic turnover or conversion to memory; and decline in total cell numbers (Fig. 2) . Instead, we propose alternative models with mutation and selection that qualitatively replicate the late onset of repertoire thinning (Fig. 3) . These selection models have similarities to multistage models of cancer development, with the additive model similar to that of Moolgavkar and Knudson (44) , and the jackpot model similar to that Under the aging thymus conditions, thymic emigrants decrease at a rate of 3% per year. The reduction in total population size occurs linearly with age such that the final population size at age 100 is reduced by 0%, 50%, or 95%. We start the simulations at age 20 at the equilibrium TCR distribution, as detailed in Materials and Methods with the following parameters: carrying capacity k 0 = 5 × 10 5 cells, relative division rate λ 0 = 1 per cell per day, death rate δ = 0:001 per cell per day, initial thymic influx τ = 0:0017 lineages per day, initial clone size s = 500 cells, thymic recombination bias ϕ = 10 −3 , and T = 10 4 possible TCR identities.
of Armitage and Doll (45) . In contrast to these models of cancer in which cell lineages grow without limit, our models only allow T cells to compete for growth factors with other lineages of T cells, such that the total number of T cells stays roughly constant. Our rejection of the conventional (neutral) models and support for the alternative (selection) models is robust to both changes in parameters and the form of selection. Under the conventional models, we see little reduction in diversity even under a maximal-loss scenario with no thymus and a 95% reduction in the total naive T-cell population size. In contrast, under the selection models, we see a dramatic decline in diversity even under a minimal-loss scenario with a noninvoluting thymus and no reduction in the total population size. As detailed in SI Text, these results are unaffected by changing the degree of bias in TCR recombination in the thymus, incorporating variance in division rates under the conventional model, and different combinations of positive and negative mutations.
Though our models are robust, technical limitations prohibit a quantitative comparison between model and experiment because, as mentioned in the Introduction, current experimental measures of diversity are only qualitative. Further, the dynamic range within which empirical TCR β-frequencies were determined by Naylor et al. (5) places upper and lower bounds on the experimental frequency spectrum, whereas we have no such constraints in our model. That said, the experiment of Naylor et al. (5) covered a 400-fold range of frequency, making the central observation of an abrupt loss in diversity unlikely to have arisen as a consequence of a threshold in the measurement technique. Though our qualitative results are robust, without better quantitative measures, we cannot assign specific values to parameters such as the degree of bias in TCR production in thymus. Rapid advances in technology will likely surmount these limitations in the near future (e.g., ref. 10 ) and allow quantitative fitting of our models to data.
Though we have focused on the dynamics of the naive CD4 repertoire, future studies could extend these models to consider . Thymic rejuvenation does not prevent the abrupt contraction in repertoire diversity found under the selection models, even with an unchanging total population size. Though a constant rate of thymic emigration will reduce the loss due to neutral drift (i.e., in the representative simulated trajectories, until ∼60 y), new thymic emigrants cannot compete with the selective advantage of clone(s) with elevated division rates already in the periphery. This pattern holds for both the number of unique TCRs (A) and Simpson's index (B), although the maintenance of diversity through age 60 is more apparent in the former. Parameters same as Fig. 3 , except that thymic involution does not occur (ν½t = τ = 0:0017).
memory and CD8 populations. In addition to the forces of mutation and selection examined in this paper, these populations are affected by factors such as the shorter telomere lengths of memory cells (46) , the increased frequency of cells specific for persistent latent herpes virus infections (11, 12, 18) , and interconversion between naive and memory cells. Of particular note, phenotypic interconversion has been recently suggested by experimental work using high-throughput sequencing that found a surprising amount of overlap between the naive and memory repertoires (37, 38) .
Regardless of the cause of selection, our conclusion has an important implication for possible therapeutic interventions to counter the decline of the immune system in old age. Previous effort has focused on rejuvenating the thymus (15) . Though this approach will be valuable under extreme forms of lymphocyte depletion, such as after chemotherapy or HIV infection (47) , it may have little effect on age-associated contraction in diversity. Instead, our model suggests that treatment would require an intervention that targets the specific cells growing abnormally and pushing other TCR lineages toward stochastic extinction. Alternatively, if a common mechanism underlies the heritable genetic or epigenetic changes leading to this selective advantage, then early therapy could potentially preempt the decline in diversity.
Materials and Methods
Model Description. We follow a population of N½t naive T cells that may change over time, t. We use an agent-based model that tracks each cell's TCR specificity and number of accumulated mutations. In this section, all cells with a given TCR and number of mutations are referred to as a lineage. Homeostasis maintains the population at a target level (i.e., a carrying capacity) of K½t, which may decrease linearly over time corresponding to a loss of 0%, 50%, or 95% over 80 years, K½t = k 0 ð1 − γt=80Þ, where γ ∈ f0; 0:5; 0:95g. For computational efficiency, we simulate from a reduced population with k 0 = 5 × 10 5 instead of the actual human size of ≈ 10 11 . Four types of stochastic events affect the population: (i) cell division, with rate λð1 − N½t=K½tÞ, which may vary as a function of the cell's properties; (ii) cell death or conversion to memory, with rate δ; (iii) thymic emigration, with rate ν½t; (iv) mutation, with rate μ. We describe each event in more detail below.
i) The cell-specific relative division rate, λ, is constant under the conventional models (λ = λ 0 ) but increases under the selection models as a function of the number of accumulated mutations, m, in a particular cell. With the additive selection model, λ = λ 0 ð1 + c 1 min½m; 3Þ, where c 1 is a parameter. With the jackpot selection model, λ = λ 0 for m < 4, and λ = λ 0 c 2 otherwise, where c 2 is a parameter. ii) In all simulations, we set the homeostatic death (or conversion to memory) rate to be δ = 0:001 per cell per day as suggested by labeling studies of naive T cells (40) . This rate has corresponding implications for the baseline level of thymic emigration, as noted below. iii) We use three patterns of thymic emigration: constant (ν½t = τ), negligible (ν½t = 0), and involuting at a rate of 3% per year (ν½t = τe −0:03t ) (14) . When thymic emigration occurs, a new lineage of naive cells with a potentially novel TCR enters the population with clone size s, corresponding to the net effect of intra-and postthymus divisions after TCR rearrangement. For adult humans, s ≈ 500 (34). The TCR identity index, j, is drawn from a truncated geometric distribution with bias parameter ϕ and total unique TCRs T such that PrðjÞ = ð1 − ϕÞ j ϕ= 1 − ð1 − ϕÞ T . See SI Text for further discussion of this bias. The constant level parameter, τ, is set such that the expected number of distinct clones in the population (e.g., without biased rearrangement, k 0 =s = 10 3 , for our simulations) remains stable given the death rate δ. Note that because we simulate a reduced population size, the emigration τ is correspondingly reduced from its physiological level. iv) Mutations that potentially affect a cell's relative division rate (λ) occur at a rate μ per cell per division. These mutations could be either genetic or epigenetic but do not change the TCR specificity. The overall rate at which mutations occur, μN½t=δ, must be quite low. However, because our simulated population size (k 0 = 5 × 10 5 ) is much smaller than the physiological population size ( ≈ 10 11 ), our per-cell, per-division mutation rate μ is correspondingly higher than physiological.
Initial Conditions. We consider the initial conditions for the model to be a fully developed but still young immune system. We assume that at t = 0 ( ≡ 20 y old) the immune system is at equilibrium. In particular, all simulations start with a distribution of TCR clone sizes (i.e., frequency spectrum) drawn from the approximate equilibrium distribution that arises from neutral drift within a population of constant size and a constant rate of influx of new TCRs from the thymus. Consider: each TCR clone enters the population with a clone size of s. Over time, the number of cells having this particular TCR will drift up and down in a diffusion process similar to that studied in the context of allele frequencies in population genetics (48) . We approximate this equilibrium distribution using a geometric distribution with mean equal to s.
Implementation. We simulate trajectories from our stochastic model using an implementation in C called from the R statistical environment (49) (C source code available upon request). To generate simulated trajectories in a reasonable amount of computer time, we follow the model in intervals of dynamically chosen time-steps. Specifically, we pick the size of the time step to correspond to a 10% chance that any particular cell will divide or die. Though this step size hides some fine-scale variance, it still captures the key dynamics of the TCR repertoire.
